Earlier, we have introduced the spectral index (SI), which was derived from the harmonic content of the blood flow velocity envelope of the ophthalmic artery. SI changed in dependency on the baseline blood pressure (bBP). We now examined SI during sympathetic activation by cold stimulation for 300 s in dependency on bBP to investigate the response to sympathetic neural activity in arterial hypertension. Ten men and 12 women with normal bBP (age, 60.5 ± 4.6 years and 61.9 ± 7.2 years) and age-adjusted men and women with increased bBP underwent the cold pressor test, including a periodical measurement of blood pressure and blood flow velocity in the ophthalmic artery, the latter by pulsed Doppler sonography. From this, the course of the SI was calculated. During cold stimulation men with increased bBP achieved their SI peak and their systolic blood pressure peak earlier than those with normal bBP (P ¼ 0.002 and P ¼ 0.035, respectively) and their SI slope was steeper than in normotensive men (P ¼ 0.002). Multiple testing showed that the difference of SI decrease between men with normal and increased bBP occurs on average 60 s after the beginning of cold stimulation (P ¼ 0.018). These differences were not found between female blood pressure groups, but the results in women may be influenced by antihypertensive treatment of some of the hypertensive women. In conclusion, the SI is useful to evaluate the response to sympathetic activation in hypertensive men but a larger study population should confirm the study results in women.
Introduction
The literature confirms that haemodynamic characteristics of the sympathetic nervous system on blood flow are different in men and women. 1, 2 In addition, they change depending on age and in arterial hypertension, 3 and there is an increasing evidence that the sympathetic nervous system is important for the pathogenesis of arterial hypertension. 4 Recently, we have introduced the spectral index (SI), a new haemodynamic parameter, which was derived from the blood flow velocity envelope in the ophthalmic artery. 5 We have shown SI to be dependent on age, gender and baseline blood pressure (bBP). The complex waveforms of the blood flow velocity envelope may be analysed by decomposition in sinus waves using an optimized algorithm, 6 which is based on the discrete Fourier transform. Individual oscillations of the harmonic content are exposed to different wave resistances, which are induced by both the peripheral reflexions and the vessel elasticity, 7 so that oscillatory compliance would be reduced if the vascular tone of small arteries is increased because of endothelial dysfunction. 8 With aging and in arterial hypertension, the oscillatory waveforms disappear early. 9, 10 The cold pressor test (CPT) is a well-standardized stress test to determine the integrity of the autonomic nerve system. Cold stimulation of a peripheric part of the body is followed by a global sympathetic activation, 11 which leads to a significant arteriolar vasoconstriction with increased blood pressure, and depending on test conditions with 3 or without 12, 13 changes of the heart rate. But nociceptive pathways are also involved. A reproducible sympathetic activation in both normotensive and hypertensive individuals may be elicited. 13 Physiological responses to this test include arteriolar vasoconstriction, increased blood pressure and reduction of the peripheral blood flow.
It remained unknown whether the SI is also useful to detect impaired blood vessel function if exposed to physical stimulation of the sympathetic nervous system. Therefore, the goal of our study was to examine the ability of the SI to respond to cold stimulation in increased baseline arterial blood pressure and to find out gender-related differences.
Materials and methods

Participants
Participants were randomly selected from a population-based glaucoma project, which is established at the Department of Ophthalmology, University of Erlangen. Participants received a questionnaire requesting age, gender, height, weight, known cardiovascular risk factors (that is, arterial hypertension, diabetes, hypercholesterolaemia), cardiovascular events (myocardial infarction, peripheral arterial disease, transient ischaemic attack and stroke) and evidence of vasomotoric dysregulation (that is, migraine, cold extremities). Eyes were assessed by a full ophthalmologic examination with dilated pupils and appraisal of HRT (Heidelberg Retina Tomograph, Heidelberg Engineering, Heidelberg, Germany) fundus images with respect to optic nerve and retinal diseases.
A data pool of 91 male and 205 female participants was available who underwent CPT in part several times. Only the first experiment of each participant was considered for evaluation. From this data pool all men and women, who had an increased bBP and for whom an age-adjusted control with normal bBP could be found, were selected. Thus, 10 men (age, 62.9 ± 5.6 years) having increased bBP were age-matched to 10 men (age, 60.5 ± 4.6 years, P ¼ 0.247) with normal bBP. Increased bBP was defined as at least one of the six measurements of the systolic blood pressure (SBP) in a distance of 1 min each before cold stimulation 4140 mm Hg. Normal bBP was diagnosed if in all the six baseline measurements SBP was p140 mm Hg and the diastolic blood pressure was p90 mm Hg. Accordingly, 12 women each with normal or increased bBP (age, 61.9 ± 7.2 years and 62.5 ± 7.9 years, respectively) were selected for age adjustment to the male groups. Characteristics of these four groups are depicted in Table 1 . The allocation to blood pressure groups was based only on the baseline values of the blood pressure before cold stimulation independently from the medical history. Participants with end organ damage were excluded. None had glaucoma. Ten right eyes of normotensive men, seven right eyes and three left eyes of men with increased bBP, as well as 10 right eyes and two left eyes of normotensive women, and 12 right eyes of women with increased bBP were investigated.
The study was conducted in accordance with the Declaration of Helsinki on Biomedical Research Involving Human Subjects. The Clinical Investigation Ethics Committee of the University of Erlangen-Nü rnberg gave its approval to the study protocol. Written informed consent was obtained from all participants.
Methods
Cold pressor test. Before starting the test, the supine participant rested for 30 min. During the 15-min CPT the systolic, mean and diastolic arterial blood pressure as well as the heart rate were measured every minute on the supine participant 15 The cuff size was chosen according to the circumference of the upper arm. Ingestion at the day of examination was not prohibited but was not done 1 h before the beginning of the study. Anamnestic coffee and tea consumption before the examination was not significantly different between the participants.
Allocation to blood pressure groups resulted from the six measurements in a distance of 1 min each before cold stimulation after the 30-min lasting rest. If at least one measurement of SBP was 4140 mm Hg, the participant was assigned to the hypertensive group. Normotensive participants had all six measurements p140/p90 mm Hg. These conditions do not violate the recommendations of the European Society of Hypertension-European Society of Cardiology guidelines. 16 Immediately after the sixth measurement (at 300 s) the participant's hand was immersed to just above the wrist in 4 1C water for further 300 s (Figure 1 ). An experienced observer registered the blood flow velocity of the contralateral ophthalmic artery every minute during the entire test duration and additionally, at time points 310, 330, 390, 450, 510 and 570 s using pulsed Doppler sonography (Companion, Nicolet-EME, Madison, WI, USA). As previously described, 17 the 4 MHz transducer was placed temporal on the upper eyelid of the closed eye. On an average, five measuring lengths of 5-s duration each were recorded under visual and acoustic check where applicable. Ultrasonic waves achieved a mean depth of 41±3 mm.
Spectral index. We have explained the basics of the SI and its calculation formerly. 5 Briefly, the third and first harmonic oscillation was derived from the envelope waveform of the blood flow velocity of the ophthalmic artery. The harmonic oscillations were calculated by an optimized and refined algorithm of the fast Fourier transform, which is based on the discrete Fourier transform. 6 The ratio of the harmonics was calculated according to equation (1) with p3 and p1 describing the power percent values of the third and first harmonic, respectively, which are independent from the blood flow velocity.
SI ¼ p3=p1 ð1Þ
As the SI represents a parameter of the blood flow velocity envelope, it may be also referred to as pulse curve-based SI.
Statistical analysis
Analyses were carried out using the SPSS software (release 16.0, SPSS Inc., Chicago, IL, USA) and Excel (release 2003, Microsoft Corporation, Redmond, WA, USA). For calculation of differences between groups, the measurement values were normalized to baseline. Significant differences were estimated by the MannWhitney U-test. The SI, blood pressure and heart Figure 1 Experimental setup, course of the cold pressor test and procedure of the calculation of the spectral index (SI). Blood pressure, heart rate and the blood flow velocity of the right ophthalmic artery were measured every minute during the 5-min lasting period before cold stimulation. Baseline blood pressure was defined as the mean of the first six measurements. Immediately after the sixth measurement (at 300 s), the patients's contra-lateral hand was immersed in 4 1C water for further 300 s and measurements were continued every minute. In addition, pulsed Doppler sonography was performed at time points 310, 330, 390, 450, 510 and 570 s. The envelope of the blood flow velocity was transformed by Fourier analysis and the SI was calculated by division of the third harmonic (H) by the first harmonic oscillation.
Blood flow velocity during cold stimulation G Michelson et al rate were plotted against time, and the areas under these curves (AUCs) were calculated across the entire 300-s stimulation period using the log-linear trapezoidal rule. Baseline values were calculated as mean of the first six measurements before cold stimulation. Absolute differences between baseline and measurement values during cold stimulation were determined by subtraction of baseline AUCs (multiplication of baseline by the respective time duration) from cold stimulation AUCs. This calculation method includes a low underestimation of AUC because of some outliers with contrary algebraic sign compared with baseline in some participants. However, these small derivations were considered not to be crucial for the results of SI and the blood pressure because the mean of the measurement values in the respective group did not show this dichotomy during stimulation. Nevertheless, the heart rate showed strong oscillations around baseline during the stimulation period and thus, its AUC is not readily comparable to that of the other parameters. For estimation, if the sample sizes are too small, the statistical power was added, and where appropriate the effect size. Bonferroni post hoc test was applied for paired comparison between mean values of groups under consideration of the total error.
All values are expressed as mean±s.d. Pp0.05 was considered to be significant.
Estimated marginal means of the dependent variables (SI, mean arterial pressure) were plotted for interpretation of additive and interactive effects among factors. Estimated marginal means are on the basis of a specified linear model (type III, square sum) with covariates (age, gender, blood pressure group) held at their mean value. By plotting the estimated means, a picture of the effect without the error is generated because in general linear models the dependent variable is equal to a linear combination of the parameters plus an error term.
Reliability of the variables during CPT. Seven participants were examined five times each at different days. Very few items were not distributed normally and are labelled in Table 2 . Cronbach's a at the 95% confidence interval was at least 0.944 for the SI without any violated normal distribution and remained quite constant over single test stages. Thus, the intraclass correlation coefficient of SI was within a very good range of reliability. Although the highest Cronbach's a for blood pressure and heart rate did not achieve the values of SI they showed a very good reliability as well. Table 3a depicts baseline values (mean of six measurements) of the SI, blood pressure and heart rate before cold stimulation. Baseline SI was significantly smaller in women with increased bBP than in men with increased bBP (Po0.001, statistical power 100%), and also between normotensive men and women baseline SI was significantly different (Po0.001) but the power was only 55.5%. Normotensive men compared with hypertensive men and normotensive women compared with hypertensive women did not show a significant difference of baseline SI. The statistical power was very high at least for the female groups.
Results
During cold stimulation (Table 3b ) women with increased bBP had a significantly smaller absolute SI difference to baseline over time (300 s, AUC) than men with increased bBP (P ¼ 0.014, power 68.7%, effect size 85.1%), but the AUC of SBP was not different between these groups (power 72.0%). Within the female groups, women with normal bBP had a smaller AUC of SBP than women with increased bBP (P ¼ 0.045, power 76.4%, effect size 88.1%), but AUC of SI was not different.
Men with increased bBP achieved their SI peak earlier than men with normal bBP (P ¼ 0.002, power 99.0%, effect size 133.1%) and their SI slope was steeper than in normotensive men (P ¼ 0.002, power 96.4%, effect size 117.5%), (Table 3c ). In addition, men with increased bBP achieved their SBP peak earlier than men with normal bBP (P ¼ 0.035, power 86.0%, effect size 105.7%). These differences were not found between female blood pressure groups, but the statistical power was small. The results in women may be influenced by some of the hypertensive women with antihypertensive treatment.
Besides, Bonferroni post hoc test at an overall a level of 0.05 did not confirm differences of the calculated AUCs between groups but differences of the blood pressure at single time points at the end of cold stimulation (Table 4) . Importantly, SI decrease differed between normotensive men and hypertensive men already at 60 s after beginning of the provocation (P ¼ 0.018), and both groups achieved their SI minimum by a discrepancy of 96 min (P ¼ 0.010). The complete course of the SI and mean arterial blood pressure are depicted in Figure 2 . The representation as estimated marginal means over time suggests that in normotensive men the SI peak was achieved delayed compared with the other three groups (Figure 3) . Furthermore, the SI peak in men and women with increased bBP seemed to be larger than those of normotensive controls. However, these differences were not significant.
Overall, despite the small sample size and stringent test conditions, the statistical evaluation is significant for single parameters. A larger study population would enlighten more details between the individual groups.
Discussion
This study indicates that the pulse curve-based SI may detect the different responses of both the ophthalmic artery and the pulse wave reflecting ciliary, choroidal and retinal arteries to sympathetic activation according to bBP. Adjustment of all four study groups for age excluded an influence of the observed effects by aging, but the study results are narrowed by some women with antihypertensive treatment. The SI contains the first harmonic oscillation as a denominator, which represents the maximum blood flow velocity during systole and which is dependent on the vascular resistance. The latter is increased in arterial hypertension. 18 This effect is suggested to be larger than changes of the subsequent harmonic oscillations (for example, the third harmonic oscillation). The consequence is a decreased SI, which implies an increase in maximum velocity.
The AUC of the SI is significantly lower in women with increased bBP compared with men with increased bBP, but the AUC of the blood pressure showed the contrary tendency. This means that in women with increased bBP (despite some treated women), the sympathetic response to cold stimulation is more extensive than in men with increased bBP. Those tendencies may be also found in the normotensive gender groups, although the differences were not significant at a medium to small statistical power.
The discrepancy between bBP groups was more obvious with regard to the slope and time until the peaks were achieved. In men with increased bBP, the SI peak was achieved significantly earlier, the SI slope was significantly steeper and the SI peak tended to achieve higher values than in normotensive men. These findings indicate a faster and more impetuous reaction to cold stimulation in men with increased bBP compared with normotensive men.
In this context, the pathophysiology of an increased blood pressure with an altered microvascular vascular tone and reactivity should be considered that may influence impedance matching and the pattern of wave reflection. 10 As the vast Abbreviations: at t.p., at time point (seconds after starting cold stimulation); bBP, baseline blood pressure; DBP, diastolic blood pressure; D, difference between baseline and peak; Dnm/hm, difference between normotensive men and hypertensive men; Dnf/hf, difference between normotensive women and hypertensive women; Dnm/nf, difference between normotensive men and normotensive women;Dhm/hf, difference between hypertensive men and hypertensive women; HR, heart rate; MAP, mean arterial pressure; NS, not significant; SBP, systolic blood pressure; SI, spectral index. Data given as mean (s.d.). surface area of endothelium is localized in the microvasculature, the consequence of the endothelial dysfunction that accompanies traditional cardiovascular risk factors is a change in the arterial waveform predominantly in the smaller arteries and arterioles. 10, 19 Growth and remodelling of the vasculature in arterial hypertension would intuitively be expected to alter mechanical descriptors of arterial wall properties. 20, 21 This mechanism may be responsible for the observed effects between normotensive and hypertensive men.
Paradoxically, an alteration of the arterial wall properties may not necessarily occur, as a reduction in the elastic modulus of wall constituents may serve to normalize wall stress, despite an increase in wall thickness. 22 It is not clear, whether this effect is responsible for the observation that women with increased bBP seemed to have a better possibility of compensation than men, as changes of the vascular reactivity due to increased bBP did not bear significantly on the SI. We cannot exclude pharmacological effects. Comparisons to other publications, which have examined the sympathetic response to the CPT, are limited because of shorter stimulation periods, different measurement methods, or missing differentiation between men and women.
Nagaoka et al. 23 have used similar test conditions but they have applied a laser Doppler velocimetry system. In young healthy volunteers (14 men and two women), the authors observed an acute increase of the mean arterial pressure (on average 21%) before achievement of the peak flow velocity in the temporal retinal arterioles, which was associated with a transient increase in retinal blood flow (on average 44%) and blood velocity (on average 51%). At the end of cold stimulation at 5 min the velocity showed a sustained increase of 14%. As the retinal arterioles are considered to have an efficient autoregulation instead of an autonomic innervation, the sympathetic nervous system may not have played a major role in the constriction of retinal arterioles in response to cold stimulation. In contrast, the choroidal circulation (that is, the ophthalmic artery) is mainly controlled by sympathetic innervation and is not autoregulated. 24 Thus, the results of the ocular blood flow velocity in the cited study and in our study were influenced by different regulatory mechanisms. Nevertheless, the time-related observations of blood pressure changes and subsequent local alterations in healthy men could be reproduced by our observations in men with normal bBP, who have achieved the SI peak after the blood pressure peak.
It was reported that the SBP increased in borderline hypertensive individuals as well as in controls throughout stimulation. The diastolic blood pressure increased only until the second minute in hypertensive patients and until the third minute in controls. 14 Likewise, in this cited study predominantly men were examined. An early achievement of the systolic and mean blood pressure peak in hypertensive men and a later peak in controls was observed in our study, too. However, for women we were not able to confirm similar differences, but the results may be biased by the medication.
The persistence of the increased difference of the blood flow velocity of the temporal retinal arterioles to baseline observed at the fifth minute of stimulation 23 may explain the delay of the SI in the ophthalmic artery of our men group with normal bBP, as (i) the temporal retinal arterioles are supplied by the ophthalmic artery and (ii) the SI corresponds to the systolic peak flow velocity. Furthermore, primary waves generated by contraction of the left ventricle are influenced by secondary waves reflected from the distal arteries (that is, of the ciliary body, the choroid and the retina). 25 However, more complex interactions influencing the SI are probable and we cannot exclude that the SI is influenced by local as well as systemic haemodynamic mechanisms.
Limitations. First, the timing of wave reflections shows a changed pattern from central to peripheral arteries when the pulse pressure increases markedly with the progressive decrease in lumen diameter and an increase in vascular rigidity. 7 Therefore, the SI measured in the ophthalmic artery is not directly comparable to the blood pressure measured in the brachial artery because of the probably different envelope waveforms of the blood flow velocity at both sites.
Second, we did not measure changes in arterial diameter at the site of SI measurement. Thus, we could not define the influence of local vasoconstriction or vasodilation, respectively, on the SI during CPT. For example, in the smooth coronary arteries of normotensive controls arteries dilated (13%) to cold stimulation, whereas in hypertensive patients arteries constricted (À8%). 26 However, the CPT was shown to cause vasoconstriction in the retinal arterioles of healthy volunteers. 23 Third, blood pressure-related analysis was carried out depending on the bBP and did not consider long-term damage of endothelial cells. As our examination relied on a stress induced (acute) increase of the blood pressure without consideration of possible previous damage of the arterial vessel wall, future studies should differ between the different groups of cardiovascular risk factors.
Furthermore, an interaction with nociceptive pathways may not be excluded because strategies for the coping of the accompanying pain are individually different. Therefore, the participants were prepared for the possible occurrence of pain and were asked to verbally disclose such sensations. None of the participants needed to remove his hand from the cold water.
The obvious predominance of treated hypertensive women may have influenced our results, which may explain the difficulties to confirm differences between hypertensive women and normotensive women.
In addition, the study population included one hypertensive, but sufficiently treated, men and women each in the normal blood pressure group. Thus, different regulatory mechanism depending on previously acquired vascular modifications may be expected. These modifications may be assumed in p10% of the normotensive study groups and are not considered to affect the study results substantially.
In summary, we have presented a new method to survey the regulatory capacity of arterial vessel walls in the eye by cold stimulation. Our results indicate that the CPT should be applied against the background of different results depending on the bBP. The response to cold stimulation tends to be more extensive in women with increased bBPdespite some treated women in this group-and is faster in men with increased bBP compared with normotensive men. Determination of the SI during the CPT may be important for evaluation of blood pressure-related effects on eye diseases.
